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HE univalence of hydrogen has long 
been a cardinal principle of chem- 
istry. However, the valence of an atom 


is not always the same as the number of 


bonds connecting it to other atoms. This 
has been evident since G. N. Lewis, elu- 
cidating his theory of valence, showed 
that electron-pair bonds can be formed 
not only by the union of two atoms 
holding single unpaired electrons but 
also by the union of an atom containing 
a ‘lone pair’ of electrons to another atom 
capable of adding an electron pair to its 
valence shell— 
A + -BoA°‘B 
A + :‘B=—— A:B 
The existence of most ‘secondary- 
valence’ compounds is attributable to 
reactions of this latter type, and the 


known crystal structures of hundreds of 


inorganic compounds can be accounted 
for only by assuming that such reactions 
occur during the crystallization process. 

Until recently it has not been gener- 
ally realized that a hydrogen atom al- 
ready bonded to one other atom can, 
under certain circumstances, become 
bonded to a second atom in the following 
way— 


XsH + :‘Y ——> XSH:Y 


The evidence indicating this, however, is 


now so conclusive that there can no 
longer be any reasonable doubt of the 


existence of “hydrogen bridges’ or ‘hy- 
drogen bonds,’ as these structures have 
come to be called. 

Perhaps the most definite proof comes 
from investigations of the structures of 
crystals and liquids by x-ray diffraction, 
and of gas molecules by electron diffrac- 
tion. These studies show hydrogen atoms 
to be between pairs of electronegative 
atoms in many cases. Raman and in- 
frared spectra also furnish important 
evidence. The association of organic 
acids, alcohols, etc., in solution and in 
the vapor state, indicated by cryoscopic, 
vapor-density, and other measurements, 
closely follows the requirements of the 
hydrogen-bridge theory. Further cor- 
roboration comes from studies of solu- 
bilities and of heats of mixing of liquids. 

Hydrogen forms strong bridges be- 
tween atoms of relatively few elements 
—namely, F, O, N, and, under very 
special circumstances, C. If bridges in- 
volving other elements exist at all, they 
are relatively weak. 

The energy required to break a hydro- 
gen bridge is about 6 or 7 kilocalories 
per mole, in the cases on which data are 
available. A hydrogen bridge is thus 
roughly one-tenth as strong as an ordi- 

nary single bond in an organic molecule. 
The distance between the atomic nuclei 
at the bridge-ends is about 2.5 to 2.8 A., 
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that is, about 2% times the length of a 
CH, NH, or OH bond. There is reason 
to believe that hydrogen bridges are 
sometimes symmetrical, with the hy- 
drogen oscillating about the midpoint 
of the bridge; and sometimes unsym- 
metrical—the hydrogen remaining closer 
to one terminal atom than to the other, 
even though both are of the same ele- 
ment. If a hydrogen bridge is part of a 
resonating ring or long-chain system, its 
stability seems to be somewhat greater 
than otherwise. 

The dimerization of monocarboxylic 
acids in nonaqueous solutions and in the 
solid and liquid, and sometimes gaseous, 
states is now known to be due to hy- 
drogen-bridge formation. The ‘double’ 
molecule can be considered to be res- 
onating between two structures: 


O-:--H—O O——H:-:---O 
4 a / \ 
R—C 7,8 oe ee em 
~ 
ee O--s-- H—O 


Because of such bridge formation, the di- 


. ° ‘ , O-HO € YO O-H-O 
carboxylic acids are solids at ordinary 
room temperatures. The atomic distri- — | — | 
bution in the two crystalline forms of Ri | ) : 
. ers ° OvH- O-H-O O-H-O O-H-O 
anhydrous oxalic acid may be diagram- , 
a Pg ~~ h } 24 ai 
matically represented as follows— as ame ceaiaceaal 
+++-O O—H:-:--O O—H---O O—H::- R Oo R 8) 
es \ \ a \ 4 
Pa fe i A ; .. 
oe a a ee ao,” C Fa ei Pi 
a ‘ a’ e 
0 O—H /. O—H.- * Pr O—H.-:-- R R 
a co oo i. co" acetyl acetone 
Fi \ \ \ \ 
-H—O 0---H—O 0---H—O 0-- H—O O-- 
Oo O 
B form Ms _" 
re) “s9- 
) —_— on ) O—-H - a 
ef 24 c né 
c—C c—C | 
, \ H fe) 
H—O O---H—O O---H—O O , : 
ae" salicylaldehyde —_0-nitrophenol 
O O—H 0” ‘o H---O O—H 
7 Be Salicylaldehydeanil, which is structur- 
aN \ © Ty c 
hl” ae (9 a ally represented it the 7 
No-of right, is an example of \, 
© Par ef “ae ee ites those substances con- bg 
No-of _ taining intramolecular Ps Mi 
oe 4 ae eS ae i. ee NHO bridges. " 
a form Isatin is a typical 1l- H 


In the presence of water, this and similar 
acids form hydrates in which the water 
oxygens and the carboxyl oxygens are 
connected to each other through hy- 
drogen bridges. 

Hydrogen-bridge formation is also re- 
sponsible for the association of alcohols— 


In ice, each oxygen atom is held to four 
neighbors through hydrogen bridges. In 
liquid water, this is the preferred type of 
arrangement; because of the heat motions 
of the atoms, however, the bridge con- 
nections are continually being broken 
and new ones formed. 

Intramolecular OHO bridges occur in 
the following compounds and in many 
other substances: 
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lustration of NHO bridges connecting 
pairs of molecules— 


O O 
0 @ 
Cc Cc 
| | | 
Cc * 
ZN 4 ~\ 
" O N 9 
re. NG 
O N N 
57 YY) 
Cc ae 
@ 4 
O 0 


Many loose molecular compounds, such 
as those between pyridine and various 
phenols, may be attributed to similar 
bridge formations. 

In diketopiperazine, NHO bridges pro- 
duce molecular chains— 


o ¢ H 
H, rr VS 
O > N 
H, Ye ee | 
0 S H Cc N ? Cc ’ 
Or fr ts 
Cc 8 a: £ + £ @ 
oe H 
N Cc LH Cc oO 
Fs es H, 
H Cc O 


H; 


It seems probable that the polypeptide 
chains of proteins are held together in a 
comparable manner. 

A very interesting example of NHN 
bridges is afforded by the molecule of 
phthalocyanine, which, according to the 


x-ray data, may be considered as reso- 
nating between the structure shown at 
the right and several 
others that differ only ae i > 
in the distribution of | 
the bonds. pede 
Hydrogen bridges ‘Souk. -, 
that connect a carbon i e. 
atom to one of an- ecw Ty 
other element are rel- 
atively rare. There is evidence, however, 
of bridge formation by the CH hydrogen 
atom in chloroform, formic acid, and 
hydrocyanic acid. For example, the 
molecular complexes which are formed 
by chloroform with ether and acetone 
are probably held together in this way. 
The compounds mentioned in this 
article, although typical, are but a few 
of those now known to contain hydro- 
gen bridges. For a more comprehensive 
review, reference may be made _ to 
Huggins, ¥. Org. Chem. 7, 407 (1936). 
Knowledge of this subject has been 
greatly extended recently, yet the full 
significance of hydrogen-bridge forma- 
tion and its importance in determining 
both the physical and the chemical prop- 
erties of many substances are only just 
beginning to be realized. 


Changes in Prices of Eastman Organic Chemicals 
Effective subsequent to publication of List No. 30— May 15, 1939 


P 597 Acenapnthene (90-957) (Pract.).............0.00455 1 kg...$ 3.25 E 
20 Anthraniic Acid MP 143.5-144.5°..... .. 2. 6002..55: ike... $.50E 

$3 Mensine MP 126-427" ..2 sw os oc ia ee ean ves SOO. 15.00 D 

P 2023 2,5-Diaminotoluene Sulfate (Pract.)................. ike... 6608 
P 583 Fumaric Acid (Pract.) MP 293-295°................. ihe... 3232 
1966 ~Puroie Acwl BOP 191-197... .. «2.6 os enti 100 g. 2.50 C 

™ CR0R Wee Beis TE)... ce he ee ee tkg... 4.50G 
575 Hydrazine Sulfate. ee ee ..100 g. 3.00 C 
3025 a@Hydroxy-iso-butyric Acid MP7 78- 79° heats eee eek ok 500 g. 5.00 D 

P 2416 $-Methylnaphthalene (Pract.) MP 29-33°............500 g. 3.25D 
en Pwommectunsitic Ari... ..... 60 8s eit os 500 g 12.00 D 
e672 Pametic Ac BAP 10s-108 oe i ee es 4. 4; aan 

P 1456 Thiodiphenylamine (Pract.) MP 178-180°............ 500 g. 10.00 D 
P 459 iso-Valeric Acid (Pract.) BP 170-180°...............; 1 kg 9.00 E; 
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P 4101 
P 4867 


P 4808 
4812 
4859 

P 4868 


P 4869 

4810 
P 4862 
P 4826 


4858 
4870 
4815 
4847 
4853 
P 4864 
P 4830 
4828 
P 417 
4846 
P 4863 
4814 
4820 
4629 
3083 
4835 
4837 
4817 
4860 
P 4861 


4708 
P 4833 
P 4840 
4844 
4849 


New Eastman Organic Chemicals 


Aluminum iso-Propoxide (Pract.)...................500 g. 
2-Amino-5-chlorobenzoic Acid (Pract. ) 
GEO ee eT! | 
5-Amino-2-naphthol Hydrochloride (Pract.).......... 100 g. 
Benzothiazole BP 117-118°/20 mm................... 100 g. 
p-Bromobenzyl Bromide MP 61-62°................. 100 g. 


2-Bromo-4-¢ert.-butylphenol (Pract.) 


BP 123-125°/14 mm. ee eeae aes .500 g. 
2-Bromo- jphenyiphienel (Pract.) . ETUC CCee Ce Tye! 
m-Chloroacetanilide MP 77-78°.................005. 100 g. 
4-Chlorobenzophenone (Pract.) MP 64-70°...........500 g. 
1-Chloro-1-nitropropane (Pract.) 

> | | ee 1 kg. 
2-Chloro-5-nitropyridine MP 106.5-108° os 
8-Chlorophenetole MP 24-25.5° (OE ej c ola 
Ae Omaine EF 167-167"... .. 2.2 a cs. ..... SORE. 
2,6-Diaminopyridine Monohydrochloride MP 79-82° ... 100 g. 
INN i ee ied cep ss vs so xen ale yena ssa: | oe 
1,1-Diphenylethane (Pract.) BP 137-139°9/14 mm...... 1 kg... 
Ethyl Oxalacetate (Sodium Salt) (Pract.)............ 1 kg... 
@Amacomecorpic Acid-18A). .. .. 2... ce cee 100 g. 
p-Hydroxyazobenzene (Pract.) MP 151- 153°. ...500 g. 
2-Hydroxy-5-nitropyridine MP 187-189°............. 100 g. 
2-Hydroxypyridine (Pract.) MP 100-106°............ 100 g. 
2,3-Lutidine BP 158-160°..........................500 g. 
ceases Tr U40-162.5".. le es SOR. 
Methyl 8-Bromopropionate BP 58-60°/12 mm......... 100 g. 
p-Methylcyclohexanone BP 169-170,5°............... 100 g. 
N-(1-Naphthyl)-ethylenediamine Dihydrochloride..... 1 g. 
B-Nitroalizarin MP 242-244" dec.. ......-5-......5.. 1 g. 
n-Nonyl Bromide BP 101.5-103.5°/17 mm.. ...100 g. 
peemmemeain BAP 66-48... 2.2.6 eee esse... SOR. 
6-Phenoxyethy]! Alcohol (Pract.) 

OP Whe Ee WS nk i kde etn Cem RR 
1,2,3,4-Tetrahydroquinoline BP 125-128°/18 mm....... 10 g. 
Trimethylol Aminomethane (Pract.) ................ 1 kg. 
Trimethylol Nitromethane (Pract.)................. 1 kg. 
Mearmaeeys Abno BaP 1O-4T .. sw ko oe ee eek 100 g. 
n-Undecyl Bromide BP 138-141°/20 mm.............. 100 g. 


..$12.50 D 


11.00 D 
8.00 C 
8.00 C 
8.00 C 


5.25 D 
3.25 D 
4.00 C 
5.00 D 


2.50 E 

10.00 C 
6.00 D 

6.00 D 

5.50 C 
2.00 O 

3.00 E 

3.00 EF 

6.00 C 

5.50 D 

8.00 C 

7.50 C 

6.00 D 

6.00 D 

4.00 C 
4.50 C 

1.250 

J5A 


15.00 C 


6.00 D 


3.00 D 
1.50 A 
2.75 E 
2.25 E 
7.00 C 
9.50 C 


or 








